Background--The sodium channel, Na v 1.5, encoded by SCN5A, undergoes developmentally regulated splicing from inclusion of exon 6A in the fetal heart to exon 6B in adults. These mutually exclusive exons differ in 7 amino acids altering the electrophysiological properties of the Na v 1.5 channel. In myotonic dystrophy type 1, SCN5A is mis-spliced such that the fetal pattern of exon 6A inclusion is detected in adult hearts. Cardiac manifestations of myotonic dystrophy type 1 include conduction defects and arrhythmias and are the second-leading cause of death.
A berrant sodium influx in cardiomyocytes is associated with arrhythmias and cardiac dysfunction contributing to sudden cardiac death. [1] [2] [3] Mutations in the SCN5A gene encoding the Na v 1.5 sodium channel are associated with cardiac diseases, including Brugada syndrome, long QT syndrome, and cardiac conduction defects, which are significant contributors to sudden cardiac death. 4, 5 Analysis of SCN5A mutations have increased our understanding of the role of the sodium channel in disease, whereas the contributions of SCN5A splice variants remain largely unexplored. SCN5A undergoes a conserved developmentally regulated splicing transition from the inclusion of exon 6A during the fetal stages of heart development (RefSeq NM_001099404) to inclusion of exon 6B in adults (RefSeq NM_000335; Figure 1A ). 6, 7 Exon 6 encodes domain I segments 3 and 4 (DI:S3/4) and includes the voltagesensing transmembrane domain in which mutation can cause cardiac dysfunction. [8] [9] [10] A notable difference is a change at position 211 from a positively charged lysine in exon 6A to a negatively charged aspartate in 6B. Experiments in vitro demonstrated that this difference in exon 6A causes slower channel kinetics, greater transient charge (Na + ) influx, and slower recovery from inactivation compared with exon 6B. 11, 12 Thus, the exon 6A Scn5a variant can have consequential effects such as potentiating dysfunction of a mutation associated with severe fetal arrhythmia. 13 In healthy adults, %5% to 10% of total SCN5A mRNA includes exon 6A with >90% containing exon 6B. In adults with myotonic dystrophy type 1 (DM1), SCN5A mRNA is significantly mis-spliced toward the fetal splicing pattern ( Figure 1B) . 6, 7 DM1 is a progressive multisystemic disease and the most common form of muscular dystrophy in adults affecting 1 in 8000 individuals worldwide. 14 DM1 is caused by an expansion of a CTG trinucleotide repeat in the 3 0 -untranslated region of the DMPK (myotonic dystrophy protein kinase) gene. 15 The expanded allele is transcribed and processed into mRNAs that contain hundreds to thousands of CUG repeats, which have a transdominant effect that disrupts developmentally regulated alternative splicing by disrupting the functions of RNA binding proteins, such as muscleblind-like (MBNL) and CUG-BP and ETR-3-like factors (CELF). 16 Consequentially, retention of the fetal pre-mRNA splicing patterns for a subset of genes is a molecular hallmark of DM1. 17, 18 Cardiac-related events in DM1 are the second-leading cause of death in the disease. 19, 20 Up to 80% of DM1 individuals have cardiac conduction defects, most notably prolonged PR and QRS intervals and second-and third-degree atrioventricular block. 21, 22 Rhythmic abnormalities are also present, including ventricular and supraventricular arrhythmias. In a DM1 mouse model that contains the human DMPK gene with the trinucleotide expansion, conduction defects were found that were correlated with abnormalities in the sodium current; however, the basis for the effect was not identified. 23 In wild-type (WT) mice, redirected splicing using AAV-delivered U7 snRNA antisense sequence produced cardiac conduction defects, but the extent of the abnormalities and arrhythmias were not characterized. 7 Splicing of Scn5a exon 6 is partially regulated by MBNL and optical mapping of hearts from Mbnl
mice demonstrated decreased conduction velocities and longer action potential durations with inducible atrioventricular block and ventricular arrhythmias. 6, 24 Total levels of Scn5a protein were unaffected in Mbnl1 À/À , Mbnl2 +/À mice, but Scn5a mRNA splicing was not examined.
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request.
CRISPR-Mediated Deletion Allele Design and Reagent Production
To delete the alternate exon 6B of Scn5a, 2 single-guide RNAs (sgRNAs) were selected by the BCM Mouse Embryonic Stem Cell Core (BCM mES Core) using the Wellcome Trust Sanger Institute Genome Editing website (http://www.sange r.ac.uk/htgt/wge/) positioned to flank the genomic region containing the alternative exon 6B of Scn5a (5 0 sgRNA:
http://www.sanger.ac.uk/htgt/wge/crispr/551982233 and 3 0 sgRNA: http://www.sanger.ac.uk/htgt/wge/crispr/ 551982280). Once complexed with Cas9, these sgRNAs could mediate double-strand breaks for nonhomologous end joining (NHEJ) repair to remove genomic sequence in between the 2 sgRNA sites in Scn5a. sgRNAs were synthesized by the BCM mES Core using DNA templates for in vitro transcription. DNA templates were produced using overlapping oligonucleotides in a high-fidelity PCR reaction. 25 PCR products were first purified using the QiaQuick PCR purification kit and used as a template for in vitro transcription of the sgRNA with the MEGAshort script T7 kit (AM1354; Thermo Fisher Scientific, Waltham, MA). Following in vitro transcription, RNA was purified using the MEGAclear Transcription Clean-Up Kit (AM1908; Thermo Fisher Scientific). All samples were analyzed by Nanodrop to determine concentration and visualized using the Qiaxcel Advanced System using the RNA QC V2.0 kit to check the quality of RNA product before storage at À80°C. Cas9 mRNA was purchased from Thermo Fisher Scientific (A25640). All sgRNAs were reanalyzed by Nanodrop before assembling the microinjection mixtures, which consisted of Cas9 mRNA (100 ng/lL) and sgRNA (10 ng/lL, each) in a final volume of 60 lL 19PBS (RNAsefree).
Microinjection of CRISPR/Cas9 Reagents
FVB/NJ female mice, 24 to 32 days old, were injected with 5 IU/mouse of pregnant mare serum, followed 46.5 hours later with 5 IU/mouse of human chorionic gonadotropin. Females were then mated to FVB/NJ males. All animals were from The Jackson Laboratory (Bar Harbor, ME). Fertilized oocytes were collected at 0.5 dpc for microinjection. The BCM Genetically Engineered Mouse Core microinjected the sgRNA/clustered regularly interspaced short palindromic repeat (CRISPR)-associated protein 9 (Cas9)/ ssOligo mixture into the cytoplasm of at least 100 pronuclear stage zygotes. Injected zygotes were transferred
Clinical Perspective
What Is New?
• Adults with mis-splicing of the cardiac sodium channel gene, SCN5A, toward the fetal isoform, as found in myotonic dystrophy type 1, may be at an increased risk of arrhythmias and conduction defects.
• Programmed electrical stimulation in mice expressing the fetal isoform of Scn5a by clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) deletion of exon 6B produces arrhythmias and conduction defects that are indicative of sick sinus syndrome.
What Are the Clinical Implications?
• Increased expression of the fetal relative to the adult isoform of Scn5a contributes to pathological arrhythmias in myotonic dystrophy type 1 and possibly in other pathological states.
into pseudopregnant ICR females on the afternoon of the injection, %25 to 32 zygotes per recipient female. To determine whether double-strand breaks induced by Cas9 had resulted in NHEJ repair to create a null allele, N0 mice were genotyped by standard PCR. Two primers %100 to 200 bases outside the 2 sgRNA sites were designed to amplify a smaller deletion amplicon compared with the WT amplicon. Figure 1 . Mis-splicing of SCN5A in heart tissue from DM1 patients and in exon 6B-deleted mice. A, Schematic representation of SCN5A exon 6 splice variants with 3 primers (2 forward and 1 reverse) used for RT-PCR of human heart samples. B, RT-PCR of RNA from unaffected fetal and adult hearts and from DM1 adult human heart tissues using primers shown in (A). Percent of exon 6A inclusion was determined by [exon 6A/ (exon 6A+6B)]9100 and represented in a graph. Levels of exon 6A inclusion in fetal and adult heart are consistent with previous studies. 6,7 A significant difference in Scn5a exon 6A expression was found in DM1 hearts compared to unaffected individuals (P=0.006), also consistent with previous studies.
6,7 C, Schematic representation with genome sequence of mouse Scn5a containing exons 6A and 6B demonstrating the CRISPR/Cas9 approach to delete exon 6B. Green scissors represent guide RNAs targeting the intronic regions flanking exon 6B. In the genomic sequence, exon 6A is highlighted in blue, exon 6B is highlighted in yellow, and the 2 guide RNAs are highlighted in gray. The underlined sequence indicates the deleted genomic sequence. D, Schematic representation of 3 primers to distinguish exon 6A and 6B by RT-PCR of heart tissue isolated from wild-type (WT), heterozygotes (Scn5a De6B/+ ) and homozygotes (Scn5a De6B/De6B ) mice with males and females showing no differences (n=3 for each group). Percent of exon 6A inclusion was calculated as in (B). RT-PCR from an adult wild and postnatal day 1 (P1) type mice is shown to demonstrate that the Scn5a developmental splicing event is conserved in mouse and humans. **P<0.01. bp indicates base pair; CRISPR, clustered regularly interspaced short palindromic repeat; DM1, dystrophy type 1.
RNA Isolation and Reverse-Transcription PCR
Institutional review board approval was obtained for all animal studies and procedures were followed in accord with institutional guidelines. Ventricular and atrial heart tissues were dissected from euthanized mice, and RNA was isolated by guanidinium thiocyanate-phenol-chloroform extraction using TRIzol (15596-018; Invitrogen, Carlsbad, CA). RNAs were then reverse transcribed to cDNA (4368813; Thermo Fisher Scientific) followed by PCR amplification using primers of interest. PCR products were loaded on a 13% acrylamide gel and results were analyzed on a molecular imager (Bio-Rad ChemiDoc XRS+ System; Bio-Rad Laboratories, Hercules, CA).
Human RT-PCR primers were designed using a forward primer on exon 5 (5 0 CTTCACCGCCATTTACACCT 3 
Electrocardiography
Surface ECGs were captured from leads 1 to 3 using a Mouse Monitor S (Indus Instruments, Houston, TX). Two-to 3-monthold male and female mice were anesthetized in an induction chamber using 2.5% isoflurane and maintained during data collection with 1.5% isoflurane. Body temperature was monitored by a rectal probe. Data were collected for 1 minute per mouse and annotated using PowerLab software for analysis.
Echocardiography
In vivo cardiac function and morphology was assessed using a Vevo 2100 ultrasound machine equipped with a 40 MHz transducer-MS550S (Visualsonics, Toronto, Ontario, Canada). Mice were anesthetized in an induction chamber using 2.5% isoflurane and then transferred to a heated ECG platform for heart rate monitoring during the imaging procedure. Body temperature was monitored by rectal probe and was maintained at 37°C. While imaging, anesthesia was maintained by a nosecone with 1% isoflurane. Standard B-mode (2-dimensional) and M-mode images were taken in the short-axis position at the level of the papillary muscles for each animal. Data analysis was performed by an experienced imager using the Visualsonics VevoLab analysis package. Two M-mode tracings were analyzed per animal with an average being taken for each.
Intracardiac Programmed Electrical Stimulation
Experiments were followed as previously described. 26 Briefly, mice were anesthetized using 2% isofluorane in 0.5 L/min 100% O 2 and placed in a supine position with limbs taped onto ECG electrodes incorporated in a heating board (Indus Instruments). An incision was made to the right of the midline near the clavicle to access the right jugular vein for insertion of a 1.1F octapolar catheter (EPR-800; Millar Instruments, Houston, TX) into the right atrium. Atrial pacing performed using 2-ms current pulses delivered by an external stimulator (STG-3008; Multi Channel Systems MCS GmbH, Reutlingen, Germany). Sinus node recovery time was defined as the interval between the last stimulus in the pacing train and the onset of first spontaneous sinus beat, as measured by applying a 15 second atrial pacing train at a basic cycle length of 100 ms. Atrioventricular effective refractory period was defined as the longest interval at which premature stimulation delivered to the atrium is followed by a His potential, but not QRS, complex after applying a series of atrial pacing trains at basic cycle length of 100 ms (S1) coupled with premature stimulus (S2), where the S1 to S2 interval is progressively reduced by 2 ms each pacing train from 70 to 20 ms. To determine inducibility of atrial arrhythmias, a burst pacing protocol was used where a 2-second burst with a cycle length of 40 ms was applied followed by successive 2-second bursts that are 2-ms shorter in cycle length than the previous, down to 20 ms. With no arrhythmogenic substrate, sinus rhythm will resume following pacing. Burst pacing protocols were done in triplicate, and an arrhythmia was considered confirmed if evoked in at least 2 out of the 3.
Optical Mapping
Mice were anesthetized using 2% isofluorane with 1.0 L/min 100% O 2 followed by intraperitoneal injection of heparin (100 units). A mid-sternal incision was made, and the heart was quickly removed and washed in cold oxygenated (95% O 2 , 5% CO 2 ) Tyrode's solution. Aorta was cannulated to a custom made 21-gauge cannula using a 6-0 black-braided silk suture. After cannulation, the heart was retrogradely perfused with Tyrode's solution. Perfusion rate was maintained at 2 to 5 mL/ min to keep the aortic pressure between 80 and 120 mm Hg. An electrode (Harvard Apparatus, Holliston, MA) was placed on the surface of right atria to conduct the pacing stimulations generated by PowerLab 26T (AD Instruments, Sydney, Australia). Hearts were loaded with the Blebbistatin (B0560-5 mg, 50 lL of 2.5 mg/mL in DMSO; Sigma-Aldrich, St. Louis, MO) to eliminate motion artifact and stained with voltage-sensitive dye di-4-ANEPPS (D-1199, 20 lL of 2.5 mg/mL in DMSO; Invitrogen). An LED light was used as the light source (excitation wavelength, 530 nm). The emitted fluorescence V m signal was long passed (>590 nm, 590FG05-50, Andover Corporation Optical Filter; Andover Corporation, Salem, NH) and obtained through the MiCAM0 CMOS camera (SciMedia, Costa Mesa, CA). Surface ECG (ADInstruments) was recorded by LabChart. The atria and ventricle of the heart were burst paced at 10-Hz frequency. Activation map and conduction velocity was calculated through Rhythm (developed by Dr Effimov's laboratory at University of Washington at Saint Louis). . Sample sizes for optical mapping are: 4 WT, 4 Scn5a
Statistical Analysis
De6B/+ , and 5 Scn5a
De6B/De6B
. *P<0.05; **P<0.01; ***P<0.001.
Results
To determine the extent to which mis-splicing of SCN5A contributes to the diverse cardiac features of DM1, we used CRISPR/Cas9 to delete Scn5a exon 6B and redirect splicing to exon 6A ( Figure 1C ). Redirected splicing was validated by RT-PCR of heart tissue from WT mice that express %10% Scn5a exon 6A mRNA, mice heterozygous for exon 6B deletion (Scn5a De6B/+ ) that have %70% Scn5a exon 6A, and mice homozygous for the deletion (Scn5a De6B/De6B ) that exclusively express Scn5a with exon 6A ( Figure 1D ). Skipping of exon 6A is not detected by RT-PCR in Scn5a De6B/+ or Scn5a De6B/De6B mice, indicating that all detectable mRNA from the deletion allele contains exon 6A (data not shown). In addition, RT-PCR analysis of RNA from WT adult hearts showed the same 1:9 exon 6A/6B ratio in all 4 chambers (data not shown).
To determine the effects associated with expression of different levels of Scn5a exon 6A in adults, we assessed physiological differences in the heart of both Scn5a
and Scn5a
De6B/+ mice in comparison with their WT littermates. We first measured cardiac conduction in anesthetized 2-to 3-month-old mice using surface ECG. Results showed a significant decrease in basal heart rate in Scn5a
mice with a trend in Scn5a De6B/+ (Figure 2A ). PR interval was significantly prolonged in Scn5a De6B/De6B mice, but not in
Scn5a
De6B/+ mice ( Figure 2B ), whereas QRS interval was significantly prolonged in both ( Figure 2C ), consistent with cardiac features of DM1. The abnormal phenotypes observed in homozygous Scn5a De6B/De6B mice are more prominent and robust compared with heterozygous Scn5a De6B/+ mice, suggesting a direct correlation between the amount of exon 6A expression to cardiac abnormalities in adult mice. An interesting observation is the variability found in the corrected QT interval in both groups compared to WT littermates ( Figure 2D ). Statistical analysis using the F test to determine differences in variance was significant in both Scn5a
and Scn5a De6B/+ mice compared with WT (P=0.002 and 0.001, respectively). This variability may be indicative of QT dispersion, which suggests abnormalities with repolarization and correlates with the onset of arrhythmias. 27 We next determined cardiac contractility and morphology using Mmode echocardiography. Cardiac features of DM1 manifest primarily through abnormal conduction rather than issues with contractility. 28 Consistent with DM1, both Scn5a
and Scn5a De6B/+ mice showed no significant differences in ejection fraction ( Figure 2E ) or fractional shortening ( Figure 2F ) and no significant morphological differences ( Figure 2G and 2H).
To help ensure observed phenotypes were not a result of CRISPR/Cas9 off-target effects, 2 independent founder lines from the CRISPR/Cas9 deletion of Scn5a exon 6B were generated and mice from both founder lines show similar ECG abnormalities. Furthermore, the Scn5a
De6B/+ mice were backcrossed for 7 generations to out-cross off-target loci and the backcrossed mice also show similar phenotypes.
Last, the CRISPR/Cas9 deletion of Scn5a exon 6B was reproduced in C57BL/6NJ mice, which also show similar ECG phenotypes as observed in FVB/NJ, thereby demonstrating reproducibility, and provides further evidence that observed phenotypes are not likely to be a result of off-target effects. We performed in vivo intracardiac pacing on anesthetized Scn5a
De6B/De6B and Scn5a De6B/+ mice to evaluate their susceptibility to arrhythmias compared with WT littermates ( Figure 3A) . We observed significant delays in sinoatrial node function of Scn5a De6B/De6B mice but not Scn5a De6B/+ mice as indicated by measuring the sinus node recovery time, corrected by subtracting the basic cycle length ( Figure 3B ). The atrioventricular effective refractory period was significantly prolonged in both groups ( Figure 3C ). In addition to sinus node recovery time and atrioventricular effective refractory period, intracardiac pacing also revealed various inducible arrhythmias in Scn5a De6B/De6B mice. One Scn5a
De6B/De6B mouse died unexpectedly following overdrive pacing. Of the 5 surviving Scn5a De6B/De6B mice, we observed sinus bradycardia at baseline (5 of 5) with either premature atrial complexes (4 of 5; Figure 3D ), sinus pause (4 of 5; Figure 3E ), or spontaneous reversion from bradycardia (3 of 5; Figure 3F ). Similar arrhythmias were inducible in Scn5a De6B/+ mice, but none were inducible in WT littermates (data not shown). Ventricular tachycardia was inducible in only 1 of the 5 Scn5a
De6B/De6B mice and none in the WT. To better understand the cardiac dysfunction observed in vivo, we performed optical mapping followed by pacing studies ex vivo on Langendorff-perfused hearts isolated from adult Scn5a
De6B/De6B and Scn5a De6B/+ mice to follow spatiotemporal conductive features. Optical mapping revealed significant delays in activation and propagation of conduction, with the activation map showing an average of 10 ms throughout the heart of WT mice ( Figure 4A ), but a delay to 14 ms in Scn5a De6B/+ mice ( Figure 4B ) and 27 ms in
De6B/De6B mice ( Figure 4C ). Action potential duration was significantly prolonged in Scn5a De6B/De6B and trending in
De6B/+ mice ( Figure 4D ) as well as significantly decreased ventricular conduction velocity in both groups ( Figure 4E ). These findings are consistent with optical mapping studies on Mbnl1
, Mbnl2 +/À hearts by Chou et al, suggesting Scn5a
mis-splicing as a candidate for cardiac defects observed in Mbnl knockouts. 24 No arrhythmias were present at baseline in any hearts isolated from WT littermates (0 of 4; Video S1) or in hearts from Scn5a De6B/+ (0 of 3). Arrhythmias found at baseline in Scn5a De6B/De6B hearts include atrioventricular block (3 of 5; Figure 4F ) and afterdepolarizations (3 of 5; Figure 4G ) that were either present simultaneously (Video S2) or separately (Video S3). Premature atrial complexes were also present at baseline in Scn5a De6B/De6B hearts (2 of 5; Video S4). A prolonged action potential duration was noticeable in all Scn5a De6B/+ hearts compared with WT (Video S5). Programmed electrical stimulation ex vivo was tolerated in WT mice (Video S6), but Scn5a
De6B/De6B hearts demonstrate perturbed ventricular repolarization (Video S7) and also demonstrate instances where atrioventricular block prevented pacing of the ventricles (Video S8). Pacing in hearts from Scn5a
De6B/+ showed atrioventricular block (Video S9).
Discussion
We have extensively characterized cardiac conduction defects associated with SCN5A splice variants. Atrioventricular conduction disorders and ventricular tachycardia have been proposed as mechanisms of sudden cardiac death in DM1. [29] [30] [31] [32] A previous study by Lazarus et al involving invasive electrophysiological studies with intracardiac pacing in DM1 patients reported prolonged conduction with frequent inducible ventricular and supraventricular arrhythmias. 33 They also report a low incidence (18%) of DM1 patients having inducible ventricular tachyarrhythmias. Both of these observations were reproducible in our mice. A noteworthy observation in our study is the loss of significance in Scn5a De6B/+ mice compared with Scn5a De6B/De6B mice in the PR interval and sinus node recovery time, 2 parameters that relate to the atria. Previous patch clamp studies indicate slower kinetics of activation and inactivation as well as a decrease in peak sodium current of the Scn5a exon 6A splice variant in comparison with its exon 6B counterpart. 7, 11 Overall, the slower kinetics of activation and inactivation of exon 6A allows more time for Na + influx, resulting in greater transient charge influx as well as a decrease in peak sodium current. Many cardiac phenotypes observed with Scn5a mis-splicing in our mice could be attributed to such electrophysiological differences, which serves as a trigger and substrate for arrhythmogenesis. 11 A decrease in peak sodium current with Scn5a exon 6A splice variant also leads to a lower maximum upstroke velocity (dV/dt max ) and can cause a decrease in conduction velocity, consistent with our findings. Decreased conduction velocity and increased action potential duration are 2 determinants in producing unidirectional block by prolonging refractoriness, potentially resulting in re-entrant arrhythmias. 34 Afterdepolarizations and late ventricular potentials are features of abnormal repolarization associated with DM1 and significantly elevate the risk of sudden cardiac death. 35 There are certain factors from our study that should be taken into consideration when evaluating its implications for DM1. Most notably, the percent of Scn5a expressing exon 6A in our mice is significantly greater than those found in most of DM1 patients (%70% exon 6A inclusion in our Scn5a
De6B/+ mice and 100% in our Scn5a
De6B/De6B mice compared with %35% in DM1 patients, though up to %70% exon 6A inclusion has been reported in DM1). 7 This exaggerated mis-splicing of Scn5a in our mice is useful to elucidate the contribution of the exon 6A variant toward arrhythmias and conduction abnormalities, but unable to shed insight on whether a threshold for SCN5A mis-splicing exists that serves as a risk factor for cardiac abnormalities in DM1. This is further complicated by other mis-splicing events in the DM1 heart that may deleteriously contribute or perhaps help compensate cardiac abnormalities. Nonetheless, our findings corroborate and expand upon the connection between splice variants of SCN5A to cardiac conduction defects and arrhythmias, which have significant implications for DM1. Further investigations into this splicing event as well as other abnormal SCN5A splicing, such as a truncated variant found in heart failure, may provide the opportunity of discovering or repurposing therapeutic options. 
